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Ultrathin oxide films on metallic substrates play an important role in material science research for their use as dielectric spacers in metal-oxide semiconductor field effect transistors ͑MOS-FET͒ and as tunnelling barriers in other nano-electronic devices. 1 More recently applications in plasma display panels were suggested, too. 2 These systems were initially investigated for the important catalytic properties of oxide surfaces, since they do not present the charging problems which prevent the study of bulk surfaces by means of electron based spectroscopies. 3 They were eventually recognized to be of interest by themselves having possibly novel catalytic properties due to the interfacial hybridization of the oxygen electronic states with those of the substrate 4 and because of the rising interest in nanoscopic structures. MgO grown on Ag͑100͒ is one of the most studied systems, due to the relatively simple atomic and electronic structure of the oxide and to the small mismatch ͑2.8 %͒ in the lattice constants of MgO and Ag, which allows for epitaxial growth. Indeed at room temperature ͑RT͒ and low water exposure only dissociative chemisorption at defect sites occurs on MgO͑100͒ surfaces 5 while a fully hydroxilated layer can be produced exposing the crystal to a water pressure of 10 Ϫ4 mbar. 6 At low temperature, on the contrary, molecular and dissociative adsorption coexist at monolayer coverage, [7] [8] [9] [10] [11] partial dissociation being due to hydrogen bonding interaction among admolecules. The investigation of water adsorption on thin and ultrathin oxide films is even more intriguing since it is fundamental to the understanding of the long term chemical stability of the films and hence of the devices based on them and working in air.
The structure of ultrathin MgO films was recently investigated by scanning tunnelling microscopy ͑STM͒ 12,13 finding epitaxial growth and formation of pyramidal structures. At a nominal coverage of 1 ML of MgO, 58 % of the substrate is covered by a single layer, 22 % by a double layer and 2 % by pyramids, while the rest is still bare. 13 Aging experiments performed with x-ray photoemission spectroscopy ͑XPS͒ showed the growth of a satellite in the O1s region, at a binding energy 2.5 eV higher than the one of the oxygen ions of the MgO film. 4 Such feature, larger for 1 ML films than for multilayers, was interpreted as a signature of water adsorption from the residual gas, although no direct water exposure was performed to verify this hypothesis.
We report here on a combined high resolution electron energy loss spectroscopy ͑HREELS͒ and XPS study of water interaction with ultrathin MgO films grown on Ag͑100͒. Our results show that, at 310 K, only dissociative adsorption occurs and that the chemical activity is much larger for monolayer than for multilayer films. We suggest that the anomalous activity of monolayer MgO is due to a large concentration of active sites at the border of the MgO islands and in contact with the Ag substrate.
The experiments were carried out in an ultra high vacuum ͑UHV͒ apparatus equipped with HREEL ͑Specs͒ and x-rays photoemission ͑Omicron͒ spectrometers and with a Knudsen Cell for in situ epitaxial film growth. MgO films are grown by reactive deposition at a crystal temperature T ϭ453 K. O 2 is dosed through a shower placed 1.5 cm from the surface in order to have a high local pressure at the sample while keeping the chamber below 3 10 Ϫ8 mbar, thus reducing the contamination level. Film thickness is calibrated by measuring the Mg evaporation rate with a quartz microbalance and is affected by an error of Ϯ8 %. The Ag͑100͒ crystal is a disk of 10 mm diameter, aligned within 0.1°with the ͑100͒ direction; before each experiment its surface is prepared by sputtering and annealing to 720 K, until the HREEL spectrum of a clean surface and an ordered LEED pattern are observed. Bidistilled water is dosed through a dedicated gas line, which is carefully pumped before each exposure. All adsorption experiments are performed at Tϭ310 K. HREEL spectra are recorded inspecular, with a primary electron energy E e ϭ4.0 eV and an angle of incidence of 60°. The typical resolution achieved is 4.0 meV. Photoemission spectra are recorded using a conventional Al K␣ x-rays excitation source. The photons impinge on the surface at 54°while electrons are collected close to the surface normal. The binding energies of the XPS peaks, E b , are calibrated by fixing the Ag3d 5/2 line at 368.2 eV, in accord with literature.
14 The O1s level of MgO is found around 530.5 eV ͑see Fig. 1͒ , a value slightly higher than the one observed by S. Altieri et al., 15 and does not depend on film thickness. The expected thickness dependent shift is ob-served on the contrary for E b (Mg1s). We have at the moment no satisfactory explanation for this finding, which cannot be due to a systematic error in the calibration of the film thickness nor to clustering of the MgO in multilayer islands.
In Fig. 1 we show XPS spectra of the O1s region recorded during water adsorption experiments. Panel A refers to an MgO film of 2.7 ML, panel B to a film of 0.5 ML. As mentioned above, the clean films are characterized by the dominant feature around 530.5 eV, corresponding to E b (O1s) of energy of the main peak shifts slightly towards lower values. Its intensity decreases weakly for the 0.5 ML film and is unaltered for the 2.7 ML film. After exposing 20 L of H 2 O, a small shift of the Mg1s level towards lower energies becomes appreciable for both films, while the Ag3d region is unaffected apart for a small decrease of the peak intensity. The difference spectra reported in the insets show that, after 20 L of H 2 O, the additional O1s peak is centred at E b (O1s)ϭ532.8 eV and at E b (O1s)ϭ532.6 eV for the 2.7 ML and for 0.5 ML films, respectively. Moreover its intensity is almost three times larger in the latter case. Since Ag͑100͒ is inert with respect to water adsorption at RT, the satellite signal of panel B originates only from MgO islands, which cover half of the area tested by the analyser. Its intensity must therefore be multiplied by a factor of two ͑i.e., scaled to 1 ML of MgO coverage͒ to allow for a correct comparison. We find then that the water related signal is almost six times higher for the single layer than for the 2.7 ML film. Since water molecules are detected always with the same efficiency, this difference is indicative of a five to six times larger coverage on 1 ML than on multilayer films. Figure 2 shows the result of water adsorption on a 1 ML thick MgO film at Tϭ310 K. Panel A reports the HREEL spectra recorded after subsequent H 2 O exposures. For the clean film ͑lowest spectrum͒ the surface phonons characteristic of ultrathin MgO films are evident at 54 meV, 63 meV and 72 meV. 16 The higher frequency loss is due to a macroscopic longitudinal optical mode confined in the vertical direction, the 63 meV mode ͑Wallis mode͒ corresponds to the vibration of O-atoms of the first MgO layer against the Mg sub-lattice and the 54 meV mode, not present for multilayer films, is related to less coordinated oxygens at the borders of MgO islands. 16 The region between 400 meV and 500 meV, characteristic of the OH-stretch frequency of dissociated or non dissociated water molecules, is completely unstructured. Upon 0.1 L of H 2 O a peak grows at 462 meV. Its intensity increases with further exposure while a minor peak appears at 449 meV. The shape and the intensity of the MgO surface phonons are correspondingly affected by water adsorption. In particular, the disappearance of the 54 meV structure is indicative that border atoms are directly involved in the adsorption process. From the inspection of the entire region between 30 meV and 500 meV no further water related features are detected ͑see inset-the losses at 108 meV shifting to 144 meV are double losses and combination bands of the MgO modes͒. Therefore we can safely assign the peaks at 462 meV and 449 meV to OH-stretches of dissociated water, in agreement with previous HREELS results obtained for thicker films 17 and with theoretical predictions. 9 Only dissociative adsorption occurs therefore at Tϭ310 K and two different adsorption sites must be present to justify the two stretch modes. Infra-red experiments on MgO powders 18 reported similar frequencies and tentatively assigned them to OH groups at defects and terrace sites, respectively. This interpretation fits with the lower intensity of the 449 meV mode and with the hypothesis that terraces are populated, most probably by migration of OH groups produced by dissociation at the border on MgO islands. Indeed theory predicts that terraces are inert towards water dissociation. 19 In panel B the intensity of the 462 meV and 449 meV peaks are reported versus H 2 O dose; the slope of these curves gives an estimate of the reactivity, which is much higher in the initial stages of the adsorption process and decreases after 1 L.
Our data clearly show that only hydroxyls are present on MgO films at 310 K. A rough estimate of the OH coverage can be obtained from the XPS spectra of Fig. 1 by comparing the intensity of the O1s satellite peak obtained after water adsorption with that of the O1s peak of the clean, 0.5 ML thick, MgO film ͑dotted spectrum in Fig. 1B͒ . Unlike the case of thicker films, the latter is not affected by screening since all oxygen atoms are exposed in a single layer. From this experiment we find that 0.5 ML of oxygen correspond to a signal to background ratio of 0.23 and we use this number to calibrate the OH coverage from the intensity to background ratio of the additional O1s peak. Since the intensity of the line at 530.5 eV decreases little upon adsorption, the satellite has to be due to OH groups bonded at Mg atoms only. For the 0.5 ML thick film of Fig. 1B we obtain then that 0.13 ML ͑0.33 ML͒ of OH are present on the MgO islands after 1 L ͑20 L͒ of exposure, corresponding to an OH-Mg coverage of 0.26 ML ͑0.66 ML͒ per ML of MgO. However, since water dissociation produces OH and H ions in equal amounts we expect to have as many H atoms bound at O ions of the MgO lattice. Since no shift of the substrate O1s peak is observed we conclude that their E b (O1s) level is little or not affected by the new chemical state. The same procedure applied to the satellite peak of Fig. 1A yields an OH coverage of 0.12 ML upon dosing 20 L of H 2 O on the 2.7 ML film. Although for a precise estimate of the adsorption probability more sophisticated methods are necessary, we can deduce from these coverages that both the initial and the average sticking coefficients are much larger for the submonolayer film than for multilayers. The high initial adsorption probability and saturation coverage observed for the 0.5 ML thick film are indicative of the existence of a physisorbed precursor living long enough to allow water molecules to search for the active sites.
We note that the large coverage of the 0.5 ML film implies that defects are almost saturated and terrace sites significantly populated. In this frame the low intensity of the 449 meV peak in HREEL spectra is indicative of a low detection efficiency for this species, which might be due to a tilted configuration caused by the formation of hydrogen bonds.
In Fig. 3 we compare HREEL spectra recorded after exposing MgO films of different thickness to 20 L of H 2 O. Only dissociative adsorption occurs on all films, as witnessed by the absence of other losses apart from the OH stretch intensities. In accord with the XPS results, the intensity of such feature depends strongly on MgO coverage, being much lower for the thicker films. We note that the shape and intensity of the MgO surface phonons in the low frequency region varies with thickness, in agreement with what is reported in Ref. 16 . The intensity of the 462 meV peak (I 462 ) after 20 L of water exposure is plotted versus MgO film thickness in Fig. 4 . Such quantity is proportional to the average adsorption probability and is therefore indicative of the chemical reactivity of the films. As it is evident, the loss intensity increases initially up to 1 ML and drops abruptly above 1.2 ML.
We note that the active site for dissociation must be related to defects of the monolayer MgO islands, since other- wise the reactivity would not drop abruptly for films thicker than 1.2 ML for which large parts of the MgO film still consist of a single layer terraces. 13 Thus HREELS data confirm that the reactivity towards dissociative adsorption of water is enhanced by a factor of ϳ6 for the single layer with respect to multilayer films. This is our major result. It can have different possible explanations: i͒ a larger defectivity of the film in the initial stages of its growth; ii͒ the presence of a large number of less coordinated sites at the borders of MgO islands; iii͒ the influence of the metallic substrate.
The first hypothesis should be rejected because the defectivity at monolayer islands is unlikely to be six times larger than for the multilayers, also in view of the good LEED pattern of the film. On the contrary, both hypotheses ii͒ and iii͒ may contain part of the truth. In fact MgO films of a few ML thickness are by far not perfect 12, 13 and therefore rich of low coordinated sites, but the coordination with MgO unit cells is indeed lowest at the border of monolayer films. The metallic substrate might however play a more direct role in activating the defects, for example, by acting as a reservoir of electrons, so that the MgO film can take advantage of additional charge transfer 15 during the water dissociation process. The former explanation is more likely, since theory 19 predicts that the reactivity of a perfect, single layer MgO film is not enhanced with respect to the perfect surface of a MgO crystal. To discriminate, measurements on other substrates would be necessary.
We conclude therefore that the high reactivity of monolayer films is related to the high dissociation rate at the border of monolayer islands. Also terrace sites must be populated by the OH groups in order to justify the high final coverage estimated by XPS, an effect occurring most probably by migration.
We note that the our results are in accord with the enhanced reactivity for monolayer films reported for aging experiments. 4 However, since no H 2 O adsorption was performed in that case and since we reveal by HREELS little or no water or OH after waiting several hours in UHV, it is not obvious that the two experimental observations refer to the same phenomenon.
In conclusion we have found a radically different reactivity towards dissociative water adsorption for single-layer MgO films with respect to multilayer films. This phenomenon is related to the low coordination of MgO sites at the border of monolayer islands and thus in contact with the metallic substrate. It indicates therefore a novel reaction mechanism which might be of relevance to clarify the properties of the metal-oxide interface, for the design of new catalysts and for the stability of MgO based electronic devices.
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